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MateRIals and Methods
The analytical model was developed from sequential computed tomography scan images, taken at 1 mm intervals of a skull of a young adult male after obtaining the patient consent and ethical clearance. The scanned images were used to create a geometric model using MIMICS( Materialise Interactive Medical Image Control System ) software -version 14.0, Materialise NV, Belgium.
In this study, the maxillary right central incisor tooth was used. The images obtained from MIMICS were in STL format. These images were imported to CATIA V5 R20 (Computer-Aided Three-Dimensional Interactive Application) by Dassault Systèmes' 3D for 3D modeling and simulation software, where it was meshed to get a solid model.This geometric model was imported to ANSYS software to get the finite element model. ANSYS Mechanical software is a comprehensive FEA analysis tool for structural analysis and provides a complete set of elements behavior, material models and equation solvers for a wide range of mechanical design problems.
Material properties were assigned for different structures such as bone, teeth, and PDL. The material properties used in this study were from experimental data of previous studies [ Table 1] . [2, 6, 17, 18] The model was restrained at the superior border of the maxilla in order to avoid any motion against the loads imposed on the dentoalveolar structures.
Application of forces
Tipping force of 50 g was applied on the labial and lingual surfaces of the maxillary right central incisor 4 mm from the incisal edge [ Figure 1 ]. [19, 20] In this study, the maxillary right central incisor was used for the FEA as it best represents tipping movement.
Both the stress patterns indicated tipping but with different stress values. The stress pattern in the PDL with 50-g force on the labial side was considered to be the desired stress pattern.
However, when the same amount of force was applied on the lingual side, higher stress values were observed.
The force applied on the lingual side of the tooth was iterated, and reduced to 45 g [ Table 2 ]. After achieving the solution, the stress values were compared with the stresses generated when 50 g of force was applied on the labial side. It was noticed that the stresses generated with the 45 g of force on the lingual side was still higher than the stress values generated in the PDL when 50 g of force was applied on the labial side. This process of iteration or reduction of forces on the lingual side was further continued wherein 40 g, 35 g, 34 g, 33 g, 33.5 g were applied. 33.5 g showed very similar stress values. When the force on the lingual side was further iterated (increased) to 33.6 g, similar stress patterns and values were seen in the PDL as when 50-g force was applied on the labial side. Maximum principal stresses of PDL were studied.
Analysis of stress
Following stress patterns indicate tipping movement:
Labial side will display area of compression (blue) at apical half and area of tension (red) at cervical half [ Figure 1 ].
Lingual side will display area of tension (red) at apical half and area of compression (blue) at cervical half [ Figure 1 ].
Results
Tipping force of 50 g was applied on the labial and lingual surfaces of the maxillary right central incisor 4 mm from the incisal edge [ Figures 2 and 3] . The stress patterns indicated tipping but with different stress values. The stress pattern in the PDL with 50-g force on the labial side was considered to be the desired stress pattern but for the same amount of force on the lingual side, higher stress values were observed [ Table 2 ].
The force on the lingual side was iterated to 33.6 g [ Figure 3 ]. This gave similar stress patterns and values in the PDL as when 50-g forces were applied on the labial side. The maximum and 
dIscussIon
Lingual orthodontics have developed rapidly in recent years, making proper understanding of the biomechanics involved very important. The biomechanics involved in LiO is different from LaO. Several methods can be used to study these differences and the most suited method is the FEM/FEA. In this study, three-dimensional (3D) FEA is used to evaluate the effect of labial and lingual forces on maxillary central incisor in tipping. FEM has the ability to study the simulation of different tooth movements. Tipping is the simplest form of orthodontic tooth movement produced when a single force is applied on a tooth making it the most suitable movement to study the difference between labial and LiO.
For better orthodontic results, it is essential to understand the differences in the biomechanical aspects between labial and LiO. Since the force application for labial and LiO is different, the biomechanics have to be understood and suitably modified.
Proffit pointed out that stress in the PDL is the first and key biomechanical phenomenon of tooth movement. Therefore in this study, we focused on the changes in the PDL and studied the maximum principal stresses in PDL. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In this study, a tipping force of 50 g was applied labially on the maxillary central incisor 4 mm from the incisal edge. This force was directed horizontally to the tooth. Maximum and minimum principal stresses in the PDL were studied and their values were recorded. To replicate similar stress patterns on the application of force lingually, the forces were iterated and stresses were recorded. A palatally directed tipping force of 33.6 g in LiO was sufficient. This demonstrates that lesser force (67.2% of labial force) is required for LiO when compared to LaO.
When a tipping force is applied on a crown of a tooth, the PDL is compressed near the apical half of the labial side and at the cervical half of the palatal side, tension is seen at the apical half of the lingual side and at the cervical half of the labial side [ Figure 1 ]. During tipping movement, stresses varied non-uniformly with a large difference from the cervical half to the apical half of the tooth. In the present study, similar stress patterns were observed and it clearly shows that the force required is 32.8% lesser in LiO as compared to LaO.
A similar study [17] was conducted to compare the biomechanical response of upper incisors to labial and lingual force applications. A 3D finite element model was developed to analyze tooth displacement and stress distribution in the PDL. Lingually and apically directed forces of 1 N were applied at one point on the labial and at three points on the lingual surface of the crown. Tooth displacement and stress distribution resulting from lingual force applications were compared with those from the labial side. Lingual horizontal forces produced similar patterns of tooth displacement and stress distribution, irrespective of the point of application (labial-lingual) 2.
Apically directed vertical forces applied at the lingual points produced more uniform tooth displacements and stress distributions, although the force applied on the lingual side close to the cementoenamel junction, which happened to be most distant from the tooth's long axis, generated a pattern of movement somewhat different from the remaining two lingual force applications. The present results suggest the crucial role of the positional relation between the long axis of the tooth, respectively the center of resistance, and the point of force application. They also deduced that the lingual force application may produce more optimal tooth movement and subsequent stress distributions in the PDL.
Theoretically retraction forces used in the lingual technique is three-fold lower than that with labial technique. [18] Controlling the position of anterior teeth is difficult in LiO, due to the variability in the morphology of the palatal surface of the anterior teeth, the reduced distance between the point of force application to the center of resistance of the tooth, the small interbracket distance, influencing arch wire rigidity, and friction. [20] conclusIon Understanding and applying basic biomechanical principles in treatment improves the efficacy of an appliance system, simplifies the treatment, improves force delivery, and helps in achieving more predictable tooth movement with minimum side effects. Reduction in lingual forces as compared to labial forces were quantified and found to be 32.8% lesser in LiO.
